V2051 Oph is a deeply eclipsing dwarf nova with an orbital period below the period gap of cataclysmic variables (CVs). It has been photometrically monitored since 2008 June and 24 mid-eclipse times of the white dwarf have been obtained. The changes in the orbital period are investigated using all of the available mid-eclipse times. A continuous period decrease with a rate of P 5.93 10 days yr 10 1
= -´-was discovered to be superimposed on a periodic variation with a small amplitude of 0 000329 and a period of 21.64 years. The standard theory predicted that the evolution of CVs below the period gap is driven by gravitational radiation. However, angular momentum loss (AML) via gravitational radiation is insufficient to explain this decrease, and additional AML via magnetic braking that is about five times the gravitational radiation rate is required. This is consistent with the theoretical requirement indicating that magnetic braking of the fully convective star is not completely stopped. The cyclic oscillation was interpreted as the variation of the arriving eclipse time via the presence of a third body because the required energy for the Applegate mechanism is much larger than that radiated from the secondary in 10 years. Its mass is derived as M i sin 7.3 0.7 3 ( ) ¢ =  Jupiter mass. For orbital inclinations i 30 . 3,  ¢  it would be a planetary object. The giant circumbinary planet is orbiting around V2051 Oph at an orbital separation of about 9.0 astronomical units (AU) in an eccentric orbit (e′ = 0.37). These conclusions support the ideas that some planets could survive stellar late evolution and that dwarf novae are also planetary hosting stars.
INTRODUCTION
The final fate of extrasolar planets orbiting main-sequence (MS) stars is of interest as it is well know that planets are common in the Solar neighborhood (Howard et al. 2010) . Several theoretical investigations showed that some of these planets can survive the post-MS evolution of the hosting stars (e.g., Villaver & Livio 2007; Carlberg et al. 2009; Nordhaus et al. 2010; Mustill & Villaver 2012) . Finding planetary companions to white dwarfs (WDs) can provide insight into the fate of planetary systems around Sun-like stars and can shed light on the interplay between substellar objects and late stellar evolution (e.g., the red giant and asymptotic giant stages). Several imaging surveys were proposed to search for planets orbiting WDs with limits typically from 5 to 10 M Jup (e.g., Mullally et al. 2007; Farihi et al. 2008; Burleigh et al. 2008; Hogan et al. 2009 ). However, to date, there have been no reported planet detections around WDs. The reason for the lack of detections may be a selection effect of the targets . When a white dwarf is a component of an eclipsing binary, the eclipse times can be determined with high precision because of the small size and compact structure (R R 0.01 )  of the white dwarf. Therefore, its small wobbles caused by the presence of other substellar companions can be discovered by measuring the eclipse times. As the eclipsing binary orbits the barycenter of the triple system, the arrival eclipse time varies cyclically. This method has successfully been used to detect extrasolar planets around subdwarf B-type stars and white dwarfs. Several planets were reported to be orbiting eclipsing white dwarf binaries such as QS Vir (Qian et al. 2010b; Almeida & Jablonski 2011) , NN Ser (Marsh et al. 2014) , RR Cae (Qian et al. 2012a) , DP Leo (Qian et al. 2010a; Beuermann et al. 2011) , and HU Aqr (Qian et al. 2011; Goździewski et al. 2015) .
Several observational campaigns were planned to attempt to detect extrasolar planets orbiting close binary systems, including white dwarf binaries, using the timings of the light minima (e.g., Backhaus et al. 2012; Pribulla et al. 2012) . To search for planets and brown dwarfs around evolved binary stars, since 2006 we have monitored some evolved binary systems. We are interested in several kinds of binary stars: (1) detached WD+dM binaries such as NN Ser, QS Vir, and RR Cae (Qian et al. 2009a (Qian et al. , 2010b (Qian et al. , 2012a ; (2) subdwarf B-type (sdB) eclipsing binaries such as HS0705+6700 and NY Vir (e.g., Qian et al. 2009c Qian et al. , 2012b Qian et al. , 2013 ; (3) magnetic CVs such as DP Leo (Qian et al. 2010a) ; and (4) deeply eclipsing cataclysmic variables (CVs) including some nova-like CVs and dwarf novae (e.g., Qian et al. 2009b ). Here, we report the period variations of the eclipsing dwarf nova V2051 Oph obtained through photometric monitoring since 2008.
As mass transfer binaries, CVs must continuously undergo angular momentum loss (AML) to maintain the mass transfer process (e.g., Warner 1995) . In this way, the mass of the secondary is continuously decreasing and the orbit of the system is shrinking simultaneously (Andronov et al. 2003 ). According to the standard theory of CVs, the mechanism driving AML is magnetic braking (MB) for systems with P > 3 hours, and the period gap of CVs (the apparent scarcity of CVs between 3 and 2 hr) was interpreted as the end of MB when the secondary becomes fully convective. As for systems below the period gap, AML is driven by gravitational radiation (GR; Rappaport et al. 1983; Spruit & Ritter 1983) . However, the disrupted MB causes the theory to encounter the "period minimum" problem, i.e., the sharp cut-off of the period distribution near 78 minutes cannot be explained (Kolb 1993; King et al. 2002) . Observationally, in addition to searching for planets, those long-term photometric data could in principle be used to investigate the secular evolution of CVs by analyzing changes in the orbital periods of eclipsing CVs.
As one of the subtypes of CVs, dwarf novae are close binary systems where mass transfer take place from a low-mass lobefilling secondary to a white dwarf via accretion, but with a very low rate of mass transfer (Warner 1995) . This subclass of CVs is characterized by recurrent and large-amplitude outbursts with Δm ∼ 3-5 mag and a typical duration of 5-10 days, which is explained by the structure change of their disks (Saito & Baptista 2006) . With an orbital period of about 90 minutes (below the CV period gap) and recurrent outbursts, V2051 Oph is one of a few ultrashort-period dwarf novae (Baptista et al. 1998 ), but it is distinguished from the other dwarf novae by showing flickering activity and sparse outbursts (Baptista et al. 2007 ). The mass and radius of the secondary in V2051 Oph are M M 0.15 2 =  and R 2 = 0.15 R e , respectively. This should be a fully convective M-type star and it seems to obey a zero-age main-sequence (ZAMS) mass-radius relationship (Baptista et al. 1998 ). This dwarf nova was discovered in 1972 and shows very deep eclipses (ΔB ∼ 2.5 magnitudes; Sanduleak 1972; Baptista et al. 2007 ). This means that eclipses provide a benchmark in time and could be used to measure the orbital period and its rate of change with high precision by analyzing the observed − calculated (O − C) diagram. Therefore, it is one of the most promising systems for checking the evolutionary theory of CVs through the determination of period changes. In the paper, the changes in the orbital period of V2051 Oph are analyzed. A continuous decrease was found to be superimposed on a cyclic change. Then both the evolutionary states of CVs and the presence of a giant planet are discussed.
CCD PHOTOMETRIC MONITORING AND NEW MID-ECLIPSE TIMES
Photometric monitoring of V2051 Oph began on 2008, June 30 using the 1.0-m reflecting telescope at the Yunnan Observatories. A PI1024 TKB CCD camera mounted to the telescope was used. The size of each pixel was 0.38 arcsec and the effective field of view was about 6.5 × 6.5 square arcmin at the Cassegrain focus. During the observations, the R-band filter was used. This binary was later monitored with the 2.4-m telescope at the Lijiang observational station of Yunnan observatories and the 0.6-m Helen Sawyer Hogg (HSH) telescope at CASLEO, Argentina. Starting on 2011, April 3, V2051 Oph was continuously monitored with the 2.15-m Jorge Sahade telescope (JST) at Complejo Astronómico El Leoncito (CASLEO), San Juan, Argentina. A Roper Scientific, Versarray 1300B camera with a thinned EEV CCD36-40 de 1340 × 1300 pix CCD chip was used. To obtain high-precision data and to improve the time resolution of the observations, no filters were applied during the observations. All of the CCD images were analyzed using PHOT (measures magnitudes for a list of stars) from the aperture photometry package of IRAF. 7 Two eclipse profiles observed in 2011 with JST are shown in the left panel of Figure 1 . The phases of those observations were computed using the linear ephemeris, E Min. I BJD 2456858.55900 0.0624278634 , 1 ( ) = +ẃ here BJD 2456858.55900 is the initial epoch and one of the mid-eclipse times (listed in Table 1 ). The orbital period, 0.0624278634, is from Baptista et al. (2003) . For comparison, two eclipse profiles obtained in 2012 are plotted in the right panel. As shown in the two panels, the eclipse profile is variable with time even from night to night. Some intrinsic and random brightness fluctuations of 0.01-0.25 mag on timescales from seconds to a few minutes, i.e., brightness flickering, are seen. The eclipse profiles observed in 2014 are plotted in Figure 2 . As displayed in the figure, in addition to eclipse profile changes and flickering, the light curves show brightness state variations. This brightness changes are caused by variations of mass transfer rate from the secondary to the primary component.
The brightness of the binary system dropped by about one magnitude from July 19 to 20 indicating that a dwarf nova outburst took place in 2014 July. This can be seen more clearly in Figure 3 where mean out-of-eclipse brightness is shown by averaging the observations outside the eclipse. The quick decrease of the brightness indicates that during this time interval the dwarf nova may be in the decline stage of the outburst. Those open pentagrams in Figure 2 refer to the light curve observed during the outburst (on July 19). It is found that the high-frequency flickering disappeared in the light curve. This supports the idea that the high-frequency flickering is produced in the accretion disk showing a radial distribution.
As shown in Figures 1 and 2 , the eclipse profile is variable, indicating that the hot spot and accretion disk vary with time. The ingress and egress of the hot spot depend on the accretion disk radius, and thus those times are variable with time. On the other hand, the ingress and egress times of the white dwarf are stable features. Therefore, we determined mid-eclipse times using the mid-ingress and mid-egress times of the white dwarf eclipse with the derivative technique (Wood et al. 1985) . In this method, each light curve was smoothed with a median filter and its numerical derivative was computed. The derivative curve was then analyzed using an algorithm which identifies the extreme points, i.e., the mid-ingress/egress times of the white dwarf. Finally, the mid-eclipse times were derived by averaging the mid-ingress and mid-egress times (Wood et al. 1985) . One procedure for measuring the times of the WD ingress and egress is displayed in Figure 4 . The determined mid-eclipse times are listed in Table 1 including those in HJD and BJD. To check whether or not the mideclipse times of the WD were determined correctly, the durations of the eclipses were derived and are listed in the fifth column of Table 1 . As shown in the table, the durations are constant within the error, indicating that the method is reliable for computing those mid-eclipse times. The filters used during the observations are shown in the seventh column where "N" indicates that no filters were used. "1 m" and "2.4" in the seventh column of the table refer to the 1.0-m and the 2.4-m telescopes in Yunnan observatories, while "60 cm" and "2.15 m" refer to the 0.6-m Helen Sawyer Hogg telescope and the 2.15-m Jorge Sahade telescope in Argentina, respectively.
ANALYSIS OF THE O − C DIAGRAM OF V2051 OPH
Since its discovery, V2051 Oph has been continuously photometrically monitored. Plenty of homogeneous eclipse times have been accurately determined, and a small-amplitude cyclic variation in the orbital period has been reported with a period of 22 years (Baptista et al. 2003) . To confirm the cyclic change and to search for long-term period change, the binary system has been monitored since 2008 July and 24 mid-eclipse times were measured (see those listed Table 1 ). The O − C values were determined by the observed (O) mid-eclipse times minus the calculated (C) times with the ephemeris published by Baptista et al. (2003) ,
nd E is the cycle number. The corresponding O − C diagram is shown in Figure 5 . A parabolic change of the O − C curve corresponds to a linear period change.
We found that the newly determined mid-eclipse times do not follow the previous general trend of the cyclic change, indicating that a simple cyclic variation cannot fit the O − C curve satisfactorily (see Figure 5 ). To describe the general trend of the O − C diagram well, a downward parabolic change (dashed line in Figure 5 ) is required apart from the smallamplitude cyclic variation reported previously (Baptista et al. 2003) . The downward parabolic change reveals a longterm period decrease. Since the cyclic oscillation of the O − C N is the mean anomaly while t is the time of light minimum. The other parameters and the corresponding values are described in Table 2 . The result indicates that the orbital period of V2051 Oph shows a cyclic change as it undergoes a long-term decrease. The rate of the long-term decrease is P 5.93 10 days yr 1.62 10 s s 10 1 12 1 = -´= -----(or 1 s in about 19,600 years). The amplitude and the period of the cyclic oscillation are about 28.4 s and 21.64 years, respectively. The derived parameters of the cyclic change are close to those determined by Baptista et al. (2003) . After both of the variations are subtracted, the residuals are plotted in the lower panel of Figure 5 .
DISCUSSIONS
V2051 Oph is a short-period dwarf nova below the CV period gap. According to the standard model, the evolution of CVs below the period gap is driven by GR (Rappaport et al. 1983; Spruit & Ritter 1983) . The contribution of GR to the period decrease was given by Kraft et al. (1962) and = -´-using the parameters given by Baptista et al. (1998) , i.e., M 1 = 0.78 M e , M 2 = 0.15 M e , and d = 0.64 R e . This is a few times less than the observed rate in the orbital period (Ṗ = 5.93 10 days yr 10 1 -´--), indicating that GB is insufficient to explain the observed period change. Additional angular momentum losses are required to produce the rate of period decrease.
In the standard theory, to explain the CV period gap, MB was assumed to stop at an orbital period close to 3 hr when the secondary component becomes completely convective (Rappaport et al. 1983; Spruit & Ritter 1983) . However, recent investigations suggested that fully convective stars are very active (e.g., Delfosse et al. 1998) . They are also strongly and stably magnetic (e.g., Saar & Linsky 1985; Johns-Krull & Valenti 1996; Reiners & Basri 2007; Morin et al. 2008) . The assumption of disrupted magnetic braking in the standard theory of CVs is in conflict with the activity data. Moreover, the AML rate deduced from the rotation rates observed in young open clusters shows that the braking rate is continuous over the fully convective boundary (Andronov et al. 2003) . The long-term decrease in the orbital period of V2051 Oph supports the conclusion that fully convective stars may be also undergoing secular AML through MB.
The period decrease rate caused by additional AML via MB is P P P 4.93 10 days yr 2 1 10 1˙= -= -´--. It is shown that the magnetic braking rate is about 4.9 times the gravitational radiation rate. Using the equation ( ; e.g., Schaefer et al. 2010) .
The cyclic period oscillations of close binaries comprised of one or two cool stars were explained by magnetic activity cycles (Applegate 1992) . This mechanism was proposed based on the conclusion reported by Hall (1989) , who analyzed the orbital period changes of 101 Algols. The author found that all cases of cyclic period changes are restricted to binary systems with cool secondary components (i.e., spectral types later than F5). However, a recent statistical investigation of the cyclic period changes has shown that the conclusion proposed by Hall is not correct. The percentages of cyclic changes are similar for both late-type and early-type close binary stars, indicating that the plausible explanation of the cyclic period variations is the light travel-times effect via the presence of a third body (Liao & Qian 2010) .
According to the Applegate mechanism, some angular momentum is periodically transferred between different parts in the convection zone of the cool component star. Therefore the rotational oblateness will change, which causes the orbital period to be variable while the cool star goes through its magnetic activity cycles. As for V2051 Oph, the secondary is a fully convective and rapidly rotating star. It has no thin transition between the convective envelope and radiative core where dynamo processes are produced for solar-type stars (Barnes et al. 2005) . However, it presumably hosts dynamo processes (Chabrier & Küker 2006) . Using the same method as in Brinkworth et al. (2006) , the energies required to cause the cyclic period change were computed and are displayed in Figure 7 . We show that the required energies are larger than the total energy radiated from the fully convective star in 10 years. Figure 6 . Relation between the mass loss rate and the Alfvén radius in order to cause the continuous decrease in the orbital period due to MB. After subtracting the contribution of gravitational radiation, the contribution of magnetic braking to the period decrease is P 4.93 10 days yr 2 10 1 = -´--(or 1 s in about 23,500 years). Therefore, we derive R M 2.03 10
When the Alfvén radius equals that of the Sun (R A = 15R e ), the derived mass loss rate in the stellar wind is M 9.02 10 13 =´-M e per year.  for a lowmass star).
CONCLUSIONS
By photometrically monitoring V2051 Oph for about seven years, we discovered that, in addition to a cyclic change, the orbital period shows a long-term decrease. Its rate is P 5.93 10 days yr .
10 1 = -´--This rate is about five times larger than that caused by gravitational radiation. To solve the problem of the period minimum of CVs encountered in the standard CV theory, additional AML is required for the systems below the period gap, which is about several times the gravitational radiation rate (Kolb & Baraffe 1999; Patterson 2001; Kolb 2002) . Moreover, based on the investigation of a homogeneous CV sample (selected for H α emission), it was deduced that CVs below the period gap should evolve faster than predicted by the standard theory, implying that another mechanism for AML besides gravitational radiation is present (Pretorius & Knigge 2008) . Our study suggests that the mechanism causing the additional AML may be magnetic stellar wind braking of the fully convective star. A detailed calculation has shown that the additional AML rate should be up to five times the gravitational radiation rate (King et al. 2002) , which is in good agreement with our result.
We conclude that the observed period decrease in V2051 Oph is caused by a combination of the GR and MB of the fully convective component star. This conclusion reveals that magnetic braking may not completely stop for fully convective stars. Few CVs were found with periods below about 78 minutes, which may actually be caused by the cessation of magnetic braking when the secondary becomes a brown dwarf that has an extremely weak magnetic field compared with active M-type dwarfs (e.g., Berger et al. 2001) . To check our conclusion, continuous monitoring of other deeply eclipsing dwarf novae below the period gap is required. If magnetic braking is not completely stopped for fully convective stars, then this kind of fast orbital decay should be observed for other ultrashort-period dwarf novae.
Since the Applegate mechanism has difficulty explaining the cyclic change in the O − C diagram, it was interpreted as being due to the existence of a third body. As displayed in the upper panel of Figure 5 , the data cover nearly two cycles of the periodic change that supports this explanation. It is discovered that the third body in V2051 Oph is a circumbinary planet with 66.3% probability by assuming a random distribution of orbital inclination. Investigations of exoplanets in the last 23 years have shown that they can exist almost anywhere. Their host stars could be of all kinds. The discovery of a giant planet orbiting the dwarf nova V2051 Oph indicates that dwarf novae are also a kind of star hosting planets. This will help us to understand the formation and evolution of planets. Some progenitors of CVs, such as the sdB-type star NY Vir (e.g., Qian et al. 2012b; Lee et al. 2014 ) and the detached white dwarf binary NN Ser (e.g., Marsh et al. 2014) , were determined to be hosting exoplanets. After they evolve into CVs through AML via GR and MB, they still keep their circumbinary planets. We expect that both CVs and their progenitors host substellar objects and that those substellar objects could be used as a "tracer" for CV formation and evolution. Morever, as in the case of NY Vir (Qian et al. 2012b) , the observed downward parabolic change in the O − C diagram (the dashed line in the upper panel of Figure 5 ) may be only a part of a long-period (longer than 38 years) cyclic change. This cyclic variation may be caused by the light travel time effect due to the presence of another circumbinary planet (M 4 ∼ 5 M Jup ) in a wider orbit.
